T[he]{.smallcaps}mammalian testis encompasses two main compartments: the interstitium that contains Leydig cells, responsible for testosterone production, and the blood and lymphatic vessels; and the seminiferous tubules, which are bordered by the peritubular myoid cells and composed of the different generations of germ cells associated with the somatic Sertoli cells ([@B18]).

Various noxious environmental agents are known to affect the integrity of male reproductive function, and there is currently much concern about a possible secular deterioration in human and wildlife reproductive health related to the degradation of the environment ([@B47]). The environmental agents known to be able to alter male reproductive health may be physical or chemical but also biological, i.e., microorganisms and viruses ([@B19]). The latter occupy a particular place, considering the serious concerns generated by the present propagation of several sexually transmissible viral diseases and their dramatic consequences. Thus, recently, it was revealed that human immunodeficiency virus (HIV)^1^ infection is greatly deleterious to the male reproductive function, as HIV- infected men are often oligospermic if not azoospermic ([@B1]), and it was shown that HIV can be present in spermatogonia and spermatocytes ([@B28]), as well as in spermatozoa ([@B2]). In addition to HIV, it has long been known that other viruses can be deleterious to the spermatogenic process. For example, orchitis is relatively frequent in case of mumps infection ([@B27]) and often leads to azoospermia ([@B39]).

Surprisingly, in spite of the dramatic effects of certain viruses on testicular function and of the fact that semen represents an essential vector for the transmission of viral infections, very little is known about the ability of the testis to react to a virus attack.

As a first step in the exploration of the testicular antiviral defense system, in a recent study, we investigated interferon (IFN) α and γ expression within rat seminiferous tubules ([@B8]), as IFNs are a well known family of proteins involved in the cellular antiviral defense system ([@B40]). We showed that peritubular and Sertoli cells are able to produce high amounts of type I IFN in response to Sendai virus infection, whereas the low basal levels of type I IFNs secreted by germ cells are not modified or only marginally after exposure to this virus. Interestingly, aberrant IFN expression in the transgenic mice testis leads to sterility ([@B15]; [@B17]), which may represent one of the mechanisms by which some viral infections result in azoospermia.

Binding of IFNs to specific cell surface receptors is known to induce the synthesis of a large variety of proteins, among which three different gene products, namely 2′5′ oligoadenylate synthetase (2′5′ A synthetase), double-stranded RNA-activated protein kinase (PKR), and Mx protein have attracted much attention, due to their ability to generate an antiviral state ([@B42]; [@B38]). In the present study, to search for testicular expression of these three IFN-induced anti-viral proteins, Sertoli cells, peritubular cells, and germ cells were isolated and cultured in the presence of IFN α, IFN γ, or Sendai virus, a powerful IFN inducer belonging to the same family as the Mumps virus, and 2′5′ A synthetase, PKR, and Mx were studied at the protein and mRNA level using a range of different techniques. We show that, while germ cells are unable to produce these antiviral proteins in any experimental conditions, Sertoli cells, in contrast to peritubular cells, are constitutive producers of 2′5′ A synthetase, PKR, and Mx2/ Mx3 proteins. We also demonstrate that Sertoli cells and peritubular cells are able to produce high amounts of 2′5′ A synthetase, PKR, Mx1, and Mx2/Mx3 in response to IFN α or to viral exposure, thereby providing the first direct clues of the existence of a testicular anti-viral defense system.

Materials and Methods
=====================

Animals and Reagents
--------------------

Male Sprague-Dawley rats were purchased from Elevage Janvier (Le Genest Saint Isle, Laval, France). Rat-recombinant IFN α (1--2 × 108 U/ mg) γ (4 × 106 U/mg) were generously provided by Dr. van der Meide (TNO Center, Rijswijk, the Netherlands) and Sendai virus kindly provided by Dr. Ruffault (CHR Pontchaillou, Rennes, France).

Cell Lines
----------

Mouse 3T3 and L929 cells were grown in RPMI 1640 with 10% FCS. 3T3 mouse cells transformed with rat Mx1 cDNA and the pSV2-neo plasmid ([@B46]) and 3T3 cells only transformed with the pSV2-neo plasmid were generously provided by Dr. Koch (Albert Ludwigs Universität, Freiburg, Germany). These two cell lines were grown in DME supplemented with G418 (0.5 mg/ml) and 10% FCS.

Antibodies
----------

The mouse monoclonal 2C12 antibody and the rabbit polyclonal antibodies directed against mouse Mx proteins were generously provided by Pr. Haller (Albert Ludwigs Universität; [@B43]). Rabbit polyclonal antibodies against mouse PKR were kindly given by Dr. Chen (Massachusetts Institute of Technology; Petreshyn et al., 1988). Commercial rabbit polyclonal antibody against a peptide corresponding to amino acids 489--508 mapping within the carboxy-terminal domain of PKR of mouse origin was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Sertoli Cell Preparation
------------------------

The isolation of Sertoli cells from 20-d-old rats was carried out as described by [@B41]. The cells, containing 2% of contaminating germ cells and \<2% of peritubular cells ([@B31]), were seeded at a density of 1.5 × 10^6^ cells/ml in Ham\'s F-12/DME (vol/vol) supplemented with insulin (10 μg/ml), transferrin (5 μg/ml), and gentamycin (50 μg/ml) and incubated at 32°C in a humidified atmosphere with 5% CO~2~ and 95% air. On the second day of culture, germ cell contaminants were removed by a brief hypotonic treatment ([@B12]). After this hypotonic treatment, Sertoli cells were contaminated with \<2% germ cells. On day 4 of culture, some of the cells were used as controls, whereas the others were treated for 14 h with IFN α (50, 275, and 500 U/ml) or IFN γ (10 and 100 units/ml) or for 28 h with Sendai virus (100 and 500 hemagglutinant units/ml). These IFN concentrations were chosen according to the maximal levels of IFN produced by Sertoli cells ([@B8]).

Peritubular Cell Preparation
----------------------------

Peritubular cells were isolated from 20-d-old rats, according to the method described by [@B41]. The cells were cultured at 32°C in Ham\'s F-12/DME supplemented with 10% FCS and became confluent after 8 d of culture. After only 3 d in culture, with daily changes of media, purity of these cells was ∼96%, as assessed by the alcaline phosphatase method ([@B4]). Furthermore, no contamination by Leydig cells or macrophages could be detected using a 3β hydroxysteroid dehydrogenase staining technique and an immunocytological method using the mabED2 (Serotec, Innotest, France), respectively. These peritubular cells were then passaged twice. At confluence, they were washed with culture medium without FCS, incubated for 1 d with this medium, and treated as described above for Sertoli cells.

Germ Cell Preparation
---------------------

Testes from 90-d-old rats were trypsinized and then fractionated by centrifugal elutriation using a rotor (JE-6; Beckman Instruments, Palo Alto, CA). Enrichment of the pachytene spermatocyte and early spermatid fractions obtained was \>90% ([@B32]). These were cultured at 32°C at a density of 2.5 and 8 × 10^6^ cells/ml as previously described ([@B32]) and treated as indicated above for Sertoli cells.

RNA Extraction
--------------

Total RNAs were extracted from the different cellular preparations by guanidium-thiocyanate gradient, using the method of [@B35].

Northern Blot Analysis
----------------------

20 μg of total RNA was denatured in formamide--formaldehyde buffer, electrophoresed in a 2% formaldehyde--1% agarose gel, and then transferred onto a Nylon membrane and UV crosslinked. The membranes (Genescreen; Dupont NEN, Boston, MA) were hybridized with the appropriate \[α-^32^P\]dCTP cDNA probe labeled by random priming (1.5 × 10^6^ cpm/ml), as previously described ([@B9]). Autoradiography was performed by exposure overnight to Kodak X-Omat film at −80°C, in the presence of intensifying screens. To correct for differences in RNA amounts, blots were stripped and rehybridized with a radiolabeled cDNA probe for rat actin.

### Molecular Probes.

The cDNA encoding for mouse 2′5′ A synthetases (clones 9-2 and 3-9), the L3 cDNA, encoding for the 40-kD form of mouse 2′5′ A synthetase, the cDNA encoding for the mouse PKR and the cDNA encoding for the murine Mx were kindly provided by Dr. Sen (Cleveland Clinic Foundation, Cleveland, Ohio; [@B13]), Dr. Coccia (Instituto Superiore di Sanita, Rome, Italy; [@B6]), Dr. Williams (Cleveland Clinic Foundation; [@B10]), and Pr. Weissman (Universität Zurick, Switzerland; [@B46]), respectively.

Assay of 2′5′ A Synthetase
--------------------------

Assay of 2′5′ A synthetase was performed as previously described ([@B5]). Results are expressed as units of 2′5′ A synthetase activity per 100 μg of DNA. A positive control (rat lymphocytes stimulated with IFN α) and an internal reference were included in each assay.

Protein Kinase Assay
--------------------

We purified PKR using poly (I) poly (C) agarose, according to [@B37]. PKR activity was measured using the capacity of PKR to autophosphorylate (Petreshyn et al., 1988). Samples were analyzed on 7.5% polyacrylamide gels containing SDS, and the phosphorylated proteins were detected by autoradiography.

Immunoprecipitation of Mx Proteins
----------------------------------

4 h before the end of the different stimulations, the cells were labeled with medium containing 0.1 mCi/ml of \[^35^S\]methionine and \[^35^S\]cysteine (TRAN^35^ S-LABEL^TM^; ICN Biomedicals, Costa Mesa, CA). Immunoprecipitation was carried out as previously described ([@B45]). Samples were electrophoresed on a 7.5% polyacrylamide gel containing SDS, and radioactive proteins were visualized by fluorography with Amplify (Amersham Intl., Little Chalfont, UK).

Immunocytochemistry
-------------------

Immunocytochemistry was performed as described by [@B23] on cells cultured in 8-well Lab-Tek chambers (NUNC, Roskilde, Denmark) and using the Universal LSAB 2 KIT (DAKO, Trappes, France) to label the primary antibody. For Mx immunocytochemistry, a mouse monoclonal antibody against mouse Mx proteins, also known to interact with the three rat Mx proteins (antibody 2C12, kindly provided by Pr. Haller), diluted at 1:10, was incubated with the cells for 15 min ([@B23]). For PKR immunocytochemistry, a commercial rabbit polyclonal antibody directed against mouse PKR (Santa Cruz Biotechnology) was used at the dilution 1:500 for 30 min. Since there was no antibody available against mouse or rat 2′5′ A synthetase, the immunolocalization of 2′5′ A synthetases could not be performed. Control mouse and rabbit IgG were used, respectively, at the same dilutions to ensure the specificity of the labeling.

Results
=======

2′5′ A Synthetase Expression within the Seminiferous Tubule
-----------------------------------------------------------

### Northern Blot Experiments.

The probes L1, L2, L3, 3-9, and 9-2, coding for different forms of 2′5′ A synthetase in mouse, gave the same results: they all recognized three forms of 2′5′ A synthetase. The results obtained with L3 show that a predominant transcript of 1.8 kb and another less represented transcript of 2.2 kb were visualized in rat lymphocytes stimulated with IFN α used as positive controls (Fig. [1](#F1){ref-type="fig"} *a*). These two latter transcripts were also present in peritubular (Fig. [1](#F1){ref-type="fig"} *a*) and Sertoli cells (Fig. [1](#F1){ref-type="fig"} *d*) stimulated with Sendai virus and, to a lesser extent, in control Sertoli cells (Fig. [1](#F1){ref-type="fig"} *d*). In some experiments, very faint traces of a 4-kb transcript, also observed in mouse L929 cells stimulated with Sendai virus (data not shown), could be seen in Sertoli and peritubular cells stimulated with the Sendai virus. In contrast, neither basal or IFN γ--stimulated peritubular cells (Fig. [1](#F1){ref-type="fig"} *a*) nor germ cells exposed or not exposed to the Sendai virus expressed 2′5′ A synthetase mRNAs (Table [I](#TI){ref-type="table"}).

In peritubular and Sertoli cells, IFN α was able to induce 2′5′ A synthetase mRNA expression in a dose-dependent manner, whereas IFN γ had no effect. After both IFN and Sendai virus stimulation, the main transcript evidenced was the 1.8 kb, the second strongest represented being the 2.2 kb (Fig. [1](#F1){ref-type="fig"}, *a* and *d*).

### 2′5′ A Synthetase Assay.

In the three independent experiments performed, no 2′5′ A synthetase activity was detected in pachytene spermatocytes and early spermatids, even when the cells were cultured with IFN α, IFN γ, or with the Sendai virus (Table [I](#TI){ref-type="table"}). Peritubular cells were found to express 2′5′ A synthetase activity only when cultured with IFN α or with the Sendai virus, while IFN γ had no effect on this production (Fig. [2](#F2){ref-type="fig"} *a*). In contrast to peritubular cells, basal Sertoli cells already expressed high levels of 2′5′ A synthetase (Fig. [2](#F2){ref-type="fig"} *b*), these levels being even higher than those produced by the IFN α--stimulated lymphocytes used as positive controls (data not shown). These basal concentrations were markedly stimulated by IFN α, but not by IFN γ, and dramatically enhanced (about fivefold) after viral stimulation (Fig. [2](#F2){ref-type="fig"} *b*).

PKR Expression
--------------

### Northern Blot Experiments.

The positive control used to study PKR mRNA expression (rat lymphocytes stimulated with IFN α) revealed a single band at 4.4 kb (Fig. [3](#F3){ref-type="fig"}, *a* and *d*), as previously described in different rat tissues ([@B25]). The PKR transcript was found to be very weakly expressed in basal peritubular cells but markedly increased after exposure to the Sendai virus (Fig. [3](#F3){ref-type="fig"}, *a* and *c*). While clearly detected in basal Sertoli cells, PKR transcript was dramatically stimulated by the virus (Fig. [3](#F3){ref-type="fig"}, *d* and *f*). In contrast, PKR mRNA was neither present in pachytene spermatocytes nor in early spermatids, whether the cells were exposed to the virus or not (Table [I](#TI){ref-type="table"}). Exposure of both peritubular and Sertoli cells to IFN α or γ resulted in a marked stimulation of PKR mRNA (Fig. [3](#F3){ref-type="fig"}, *a* and *c*, *d* and *f*, respectively).

### Protein Kinase Assay.

The rat PKR cDNA sequence has been obtained recently, and it was deduced that it encodes a protein of 513 amino acids ([@B25]), with a molecular mass of ∼58 kD (The sequence data are available from Genbank/DDBJ/EMBL under accession number 1085566), whereas the mouse PKR is a 65-kD protein ([@B21]). The autoradiography performed here revealed a peritubular and Sertoli cell protein migrating around 60 kD (Fig. [4](#F4){ref-type="fig"}, *a* and *b*) stimulated by IFN α and γ. Exposure of peritubular cells and Sertoli cells to the Sendai virus had no or only moderate stimulatory effects on PKR activity in vitro (Fig. [4](#F4){ref-type="fig"}, *a* and *b*).

### Intracellular Localization of Rat PKR.

When a polyclonal rabbit antibody against mouse PKR was used, strong specific labeling was observed in both peritubular and Sertoli cell cytoplasm (Fig. [5](#F5){ref-type="fig"}, compare *A* and *C* with *B* and *D*, respectively). There was no difference between control cells and cells exposed to Sendai virus (data not shown).

Mx Expression
-------------

### Northern Blot Experiments.

The rat lymphocytes used as positive controls revealed the two bands of 3.2 and 2.5 kb (Fig. [6](#F6){ref-type="fig"}, *a* and *d*) previously described in the rat and corresponding to Mx1 and Mx2 and/or Mx3 mRNAs, respectively ([@B23]). The 2.5-kb transcript was weakly expressed in untreated Sertoli cells (Fig. [6](#F6){ref-type="fig"} *d*) but not in peritubular cells (Fig. [6](#F6){ref-type="fig"} *a*). Exposure of both peritubular and Sertoli cells to IFN α or to Sendai virus resulted in a dramatic stimulation of both transcripts, while IFN γ had no effect on peritubular cells but induced Mx1 expression in Sertoli cells (Fig. [6](#F6){ref-type="fig"}, *a* and *c*, *d* and *f*, respectively). No Mx transcript was ever seen in germ cells (Table [I](#TI){ref-type="table"}).

To differentiate between each Mx mRNA, we used oligonucleotides specific for rat Mx1, Mx2, and Mx3 mRNA as probes. In peritubular cells, a stronger stimulation by the virus was observed for Mx1, when compared to Mx2 and Mx3 mRNA (data not shown). In contrast to peritubular cells, Sertoli cells exposed to IFN γ presented increased Mx transcripts. The three Sertoli cell Mx mRNAs were also stimulated by IFN α and the virus (data not shown).

### Immunoprecipitation of Mx Proteins.

A strong band corresponding to rat Mx1 protein, which is known to migrate at ∼74 kD ([@B24]), was observed in 3T3 Mx1 cells used as positive controls (Fig. [7](#F7){ref-type="fig"}, *a* and *b*). Whereas in basal peritubular cells Mx proteins were not detected (Fig. [7](#F7){ref-type="fig"} *a*), in control Sertoli cells a single band corresponding to Mx2 and/or Mx3 was present (Fig. [7](#F7){ref-type="fig"} *b*). The relative distribution of Mx2/Mx3 and Mx1 proteins in peritubular cells after IFN α or viral stimulation was the opposite to that seen in IFN α- or virus-treated Sertoli cells. (Fig. [7](#F7){ref-type="fig"} *a*). With both cell types, an increase in the intensity of the bands corresponding to Mx proteins was seen between 50 and 250--500 U/ml of IFN α (Fig. [7](#F7){ref-type="fig"}, *a* and *b*). In contrast to the results obtained with IFN α, the Mx2/Mx3 band became more abundant than that of Mx1 after exposure of peritubular cells to the Sendai virus (Fig. [7](#F7){ref-type="fig"} *a*). Again, the reverse situation was seen in Sendai virus--exposed Sertoli cells (Fig. [7](#F7){ref-type="fig"} *b*). Another striking difference between peritubular and Sertoli cells is that, whereas IFN γ had no effect on the expression of Mx in peritubular cells (Fig. [7](#F7){ref-type="fig"} *a*), this cytokine induced a stimulation of both Mx1 and Mx2/Mx3 in Sertoli cells, the latter proteins being more abundant (Fig. [7](#F7){ref-type="fig"} *b*).

### Intracellular Localization of Rat Mx Proteins.

The same results were observed with the two different antibodies used: while no staining was observed in basal peritubular cells (Fig. [8](#F8){ref-type="fig"} *B*), a strong specific staining was observed in both the nucleus (characteristic granules) and the cytoplasm of Sendai virus--exposed peritubular cells (Fig. [8](#F8){ref-type="fig"} *A*). Similarly, in basal Sertoli cells, no staining was observed without stimulus (Fig. [8](#F8){ref-type="fig"} *D*), whereas characteristic granules appeared in the virus-exposed Sertoli cell nucleus and in the cytoplasm (Fig. [8](#F8){ref-type="fig"} *C*). That no immunostaining was observed in basal Sertoli cells most probably results from the relatively low sensitivity of the immunocytochemistry technique.

Discussion
==========

Entry of viruses within the testis can occur either by the interstitial blood and lymphatic vessels or through the albugina, which envelops the testicular parenchyma ([@B27]). Mumps, HIV, hepatitis B and C viruses, and Herpes Simplex virus have been found in the interstitium and/or the seminiferous tubules in men ([@B27]; [@B7]; [@B20]; Liu, 1994 [@B28]). Furthermore, some of these viruses, like HIV and hepatitis B virus, are also present in semen and known to be transmissible via this biological vector ([@B49]; [@B2]). To understand how the cells of the seminiferous epithelium are able to react to a viral infection is, therefore, of prime importance for the understanding of the circumstances that lead to a seminiferous viral infection, and possibly to sperm and semen contaminations.

Over the last decades, important progress has been made in the elucidation of the major cellular antiviral mechanisms in many tissues. In this context, IFN production represents a key event in the cell response to a viral infection. Therefore, as a first step in the study of the potential testicular anti-viral system, we recently studied IFN expression within the seminiferous tubules ([@B8]).

Our major goal here was to investigate for the presence of the three best known IFN-induced antiviral proteins, namely 2′5′ A synthetase, PKR, and Mx, within the seminiferous tubules. As a first approach, we initially thought of using immunohistochemical techniques to establish the cellular topography of expression of these proteins. However, there were no rat/mouse 2′5′ A synthetase antibodies available, and preliminary experiments performed with PKR and Mx antibodies did not succeed, probably due to the low basal levels of these proteins. This, and the fact that serious side effects due to the administration of IFNs or Sendai virus to the rat could be observed, led us to study the cellular distribution of 2′5′ A synthetase, PKR, and Mx and their regulation using different isolated cell types prepared from the rat seminiferous tubules.

The first IFN-induced antiviral protein studied was the 2′5′ A synthetase. This enzyme requires double-stranded RNA (ds RNA), the usual replicating intermediate of RNA viruses, as activator ([@B40]). 2′5′ A synthetase polymerizes ATP into a series of 2′5′ oligoadenylates that, in turn, activate a latent ubiquitous endoribonuclease, RNase L. Once activated, RNase L degrades viral and cellular single-stranded RNAs ([@B48]). There are multiple isoenzymes of 2′5′ A synthetase in humans and mice, all of which are induced by both type I and type II IFNs. In mouse cells, several cDNAs for small (∼40 kD) mouse 2′5′ A synthetases have been cloned ([@B6]; [@B13]). In IFN-treated mouse L cells, [@B36] have identified three related transcripts. Similarly, in the present experiments, three transcripts of 1.8, 2.2, and 4 kb were detected in IFN-treated L929 cells as well as in rat Sertoli and peritubular cells, but never in germ cells. The most represented mRNA in the seminiferous tubule somatic cells appears to be by far the 1.8 kb that, according to [@B6] corresponds to a 2′5′ A synthetase of low molecular weight. Our results show that 2′5′ A synthetase is expressed in basal Sertoli cells and increased by IFN α and Sendai virus, whereas IFN γ had no effect. The same pattern was found in peritubular cells, except that no constitutive expression was observed (Table [I](#TI){ref-type="table"}).

The second IFN-induced ds RNA-dependent enzyme that we studied was PKR. The autophosphorylation of PKR, in the presence of ds RNA (or others polyanions) confers to this protein the ability to phosphorylate other substrates, most prominently the α subunit of the eukaryotic translation initiation factor 2 (eIF2α; [@B11]). Phosphorylation of eIF2α in turn inhibits viral protein production and, thereby, greatly reduces production of new virus particles ([@B29]). PKR protein and mRNA were never detected in meiotic and post-meiotic germ cells. In contrast, Sertoli and peritubular cells constitutively express PKR, and this expression was stimulated by IFNs (Table [I](#TI){ref-type="table"}). Sendai virus exposure highly increased PKR mRNA levels but seemed to have no effect on the protein activity, as detected by our in vitro autophosphorylation experiments. There are at least two possible explanations for the latter results, that are not exclusive: the Sendai virus could possibly catalyze the activation of PKR within the cells, which would normally lead to an in vivo autophosphorylation of this protein that cannot occur or be detected in our in vitro system; it is also possible that the Sendai virus can inhibit PKR activation, like other viruses previously described ([@B34]). To our knowledge nothing is presently known about the abilities of Sendai virus to inhibit PKR.

The last proteins studied here were of the Mx family. The IFN-regulated Mx gene has been shown to mediate selective resistance to Influenza virus in mice ([@B44]). [@B24] have described three Mx proteins, deriving from three distinct genes, in IFN α/β-treated rat embryo fibroblasts. Mx1 is a nuclear protein that inhibits both Influenza virus and VSV, whereas Mx2 and Mx3 are cytoplasmic proteins, inhibiting VSV (Mx2) or devoid of antiviral activity (Mx3). Our study reveals that Sertoli cells constitutively express relatively low levels of Mx2 and Mx3, but no Mx1. The latter protein appeared only after IFN α, IFN γ or Sendai virus stimulation, while Mx2 and Mx3 mRNAs and proteins were increased by these three stimuli (Table [I](#TI){ref-type="table"}). To our knowledge, this is the first time that Mx proteins are found to be constitutively expressed in a cell type and to display differential patterns of expression between themselves, after exposure to various stimuli. Moreover, IFN γ, which usually has no effect on Mx protein regulation, is able in Sertoli cells to induce Mx1 expression and to stimulate Mx2 and Mx3 expression. In contrast to what was observed in Sertoli cells, no Mx protein or mRNA was detected in basal peritubular cells or after IFN γ treatment. However, Mx1, Mx2, and Mx3 were also found in peritubular cells after IFN α or Sendai virus exposure but displayed different patterns of expression to those seen in Sertoli cells. As for 2′5′ A synthetase and PKR, neither Mx mRNA nor proteins were detected in germ cells.

Importantly, this study reveals that the Sendai virus is able to induce a very strong stimulation of 2′5′ A synthetase, PKR, and Mx mRNA expression, as well as 2′5′ A synthetase and Mx protein level in peritubular and Sertoli cells. To our knowledge, the only previous publication dealing with a potential IFN-induced antiviral activity in testicular cells was that of [@B3], who studied IFNα1-induced 2′5′ A synthetase activity by swine testicular cells in culture. However, the results obtained by these authors cannot really be interpreted as the nature of the cells and of the cell line used was not indicated. In the present study, the incubation time of the cells with the virus was long enough (28 h) to allow the synthesis of IFNs by the virus-stimulated cells and to allow, in turn, the IFNs produced to induce the synthesis of the proteins of interest. At present, we do not know why more pronounced effects of the Sendai virus were always observed on IFN-induced protein synthesis, comparatively to the effects of rat recombinant IFN α. Indeed, it can be excluded that the more pronounced effects of the Sendai virus result from the induction of higher concentrations of IFN α in peritubular and Sertoli cells than the ones added to the media, as up to 1,000 U/ml of IFN α always displayed negative results (data not shown). Furthermore, the highest concentrations of recombinant IFN α used here were chosen to match the concentrations of type I IFN produced by peritubular and Sertoli cells, in response to high concentrations of Sendai virus ([@B8]). However, it cannot be excluded that the Sendai virus induced--IFNs represent a mixture of several type I IFNs that is more efficient than the rat recombinant IFN α protein used alone. Another explanation for this difference is that the virus may exert a direct effect on protein synthesis, an effect not mediated by IFN synthesis, as previously shown for Mx proteins and for 2′5′ A synthetase ([@B16]; [@B14]; [@B26]). In favor of this last hypothesis is the fact that the pattern of expression of peritubular and Sertoli cells\' Mx proteins after viral stimulation is the opposite of that observed after IFN α stimulation.

A major fact emerges from the present study: the seminiferous tubules are very well equipped to react to a viral attack, and this potential antiviral defense system is assumed solely by peritubular and Sertoli cells, since pachytene spermatocytes and early spermatids lack the three major IFN-induced antiviral proteins studied. These latter germ cell types were also previously shown to be unable or only marginally able to produce type I IFN in response to a Sendai virus exposure ([@B8]). Of note are the differences observed in the patterns of protein expression between Sertoli and peritubular cells: only Sertoli cells constitutively express 2′5′ A synthetase, PKR, and Mx2/ Mx3 proteins, and IFN γ action was restricted to PKR in peritubular cells (Table [I](#TI){ref-type="table"}). We therefore hypothetize that these differential and complementary patterns of expression between the cells bordering the tubules and Sertoli cells generate a much higher efficiency in the tubule antiviral defense system than if the pattern of expression were identical in both cell types. Most interestingly, the cellular support of this potential antiviral defense system is strictly coincident to the tubular blood testis barrier, which, in rodents, is also assumed by peritubular and Sertoli cells (Ploën and Setchell, 1992). Therefore, from the data presented here, it appears that the concept of the existence of a specific intratubular microenvironment, so far applied to the nutrition, regulation, and immune protection of the meiotic and post-meiotic germ cells, can also be extended to the germ cell antiviral defense. As in the tubules, IFN γ was previously found to be produced by early spermatids ([@B8]), and since this type II IFN is able to stimulate PKR and Mx expression in Sertoli cells (Table [I](#TI){ref-type="table"}), it could also be that the somatic tubular defense system is complemented by a paracrine loop of regulation whereby assaulted haploid cells may control aspects of their own defense, via the stimulation of Sertoli cell antiviral proteins. It remains to be elucidated in which infectious states this overall potential antiviral defense system is operational in situ, as it is known that some viruses are able to overcome this system and to alter spermatogenesis and thereby possibly contaminate spermatozoa and semen.
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2′5′A synthetase mRNA expression in peritubular and Sertoli cells. 2′5′A synthetase mRNA expression was analyzed by Northern blot in peritubular cells (*a*, *P*) or Sertoli cells (*d*, *S*), cultured in the presence or in the absence (*C*) of IFN α (50, 275, and 500 U/ml) or IFN γ (10 and 100 U/ml) for 14 h, or of Sendai virus (V100 and V500 U/ml) for 28 h, using the ^32^P-labeled mouse 2′5′ A synthetase L3 probe. Hybridization of the blots with the actin probe is shown (*b* and *e*). The positive controls are represented by rat lymphocytes stimulated with 200 U/ml of IFN α (*LyT* + *IFN α 200*). mRNA signals were quantified by scanning densitometry and corrected relative to actin signal for both peritubular cells (*c*) and Sertoli cells (*f*). Blots shown are representative of three totally independent culture and Northern blot experiments.
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2′5′ A Synthetase (2′5′ AS), PKR, and Mx mRNAs and Proteins in Peritubular, Sertoli, and Germ Cells (Pachytene Spermatocytes and Early Spermatids) Exposed or Not to IFN α, IFN γ, or the Sendai Virus.
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  ------------------- -- --------- -- -------- -- -------- -- ----------------- -- ----- -- ----- -- --- -- ---- -- ---- -- ----- -- ------------ -- -----
  Peritubular cells      −            \+          −           +++                  ++       +++      −      ++      −       +++      RNA +++         +++
                                                                                                                                     \+ Protein      
  Sertoli cells          \+           \+          \+          ++                   +++      +++      −      ++      ++      +++      RNA +++         +++
                                                                                                                                     \+ Protein      
  Germ cells             −            −           −           −                    −        −        −      −       −       −        −               −

−, Absent (control) or not stimulated. +, Present (control) or slightly stimulated. ++, Markedly stimulated. +++, Dramatically stimulated.  

###### 

2′5′A synthetase activity in peritubular cell and Sertoli cell extracts. 2′5′A synthetase enzymatic activity was determined in the different peritubular cell (*a*, *P*) and Sertoli cell (*b*, *S*) extracts as described in Materials and Methods. Cells were stimulated or not (*C*) with IFN α (50, 275, and 500 U/ml) or IFN γ (10, 100, 500, and 1,000 U/ml) for 14 h, or with Sendai virus (V100 and V500 U/ml) for 28 h. Each activity value is the mean of at least three totally independent experiments. Means between stimulated and control cells were compared by Student\'s *t* test: *NS*, *P* \> 0.05; \*, *P* \< 0.02; \*\*, *P* = 0.001; \*\*\*, *P* \< 0.001.
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###### 

PKR mRNA expression in peritubular and Sertoli cells. PKR mRNA expression was analyzed by Northern blot in peritubular (*a*, *P*) and Sertoli cells (*d*, *S*) cultured in the presence or in the absence (*C*) of IFN α (50, 275, and 500 U/ml) or IFN γ (10 and 100 U/ml) for 14 h, or Sendai virus (V100 and V500 U/ml) for 28 h. Hybridization of the blot with the actin probe is shown (*b* and *e*). The positive control is represented by rat lymphocytes stimulated with 200 U/ml of IFN α (*LyT* + *IFN α 200*). mRNA signals were quantified by scanning densitometry and corrected relative to actin signals for both peritubular (*c*) and Sertoli (*f*) cells. Blots shown are representative of three totally independent culture and Northern blot experiments.
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![PKR activity tested in vitro on peritubular and Sertoli cell extracts. In vitro phosphorylation of PKR was performed after partial purification of the protein on poly (rI)--poly (rC) agarose, as described in Materials and Methods. Products were then analyzed on a 7.5% polyacrylamide gel (*a*, peritubular cells, *P*; *b*, Sertoli cells, *S*). Cells were stimulated or not (*C*) with IFN α (50, 275, and 500 U/ml) or IFN γ (10 and 100 U/ml) for 14 h, or with Sendai virus (V100 and V500 U/ml) for 28 h. The positive control is represented by murine 3T3 cells (3T3), and the autoradiography shown is representative of three totally independent culture and Northern blot experiments.](JCB.15007f4){#F4}

![Immunolocalization of PKR in peritubular and Sertoli cells. Cells were fixed after culture and permeabilized as described in Materials and Methods. Immunolocalization of PKR was performed using a rabbit polyclonal antibody against murine PKR and revealed using an avidin--biotin peroxydase complex amplification combination. Strong cytoplasmic staining was observed in both control peritubular cells (*A*) and Sertoli cells (*C*). Negative control for peritubular (*B*) and Sertoli cells (*D*) were performed using rabbit IgG at the dilution used for the PKR antibody. Bar, 15 μm.](JCB.15007f5){#F5}

###### 

Mx mRNA expression in peritubular and Sertoli cells. Mx mRNA expression was analyzed by Northern blot in peritubular cells (*a*, *P*) and in Sertoli cells (*d*, *S*) cultured in the presence or in the absence of IFN α (50, 275, and 500 U/ml) or IFN γ (10 and 100 U/ml) for 14 h, or Sendai virus (V100 and V500 U/ml) for 28 h. Hybridization of the blot with the actin probe is shown (*b* and *e*). Blots shown are representative of three totally independent culture and Northern blot experiments. mRNA signals were quantified by scanning densitometry and corrected relative to actin signals for both peritubular (*c*) and Sertoli cells (*f*).
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![Expression of Mx proteins in peritubular and Sertoli cells. Mx proteins were detected by immunoprecipitation. Cells were stimulated or not (*C*) with IFN α (50, 275, and 500 U/ml) or IFN γ (10 and 100 U/ml) for 14 h, or with Sendai virus (V100 and V500 U/ml) for 28 h. ^35^S-labeled extracts were reacted with rabbit polyclonal antibody against rat/mouse Mx proteins, and products were analyzed on 7.5% polyacrylamide gel (*a*, peritubular cells, *P*; *b*, Sertoli cells, *S*). The positive and negative controls are represented by 3T3 cells transfected with the rat Mx1cDNA (*3T3Mx1*) and by 3T3 cells transfected with a plasmid lacking the MX1cDNA (*3T3Neo*), respectively. Blots shown are representative of three totally independent culture and immunoprecipitation experiments.](JCB.15007f7){#F7}

![Immunolocalization of Mx proteins in peritubular and in Sertoli cells. Cells were fixed after culture and permeabilized as described in Materials and Methods. Immunolocalization of Mx proteins was performed using a mouse monoclonal antibody (2C12) against rat/mouse Mx proteins and revealed using an avidin--biotin peroxidase complex amplification combination. No staining was observed in either control peritubular cells (*B*) or Sertoli cells (*D*). In contrast, peritubular cells stimulated with 500 U/ml of Sendai virus (*A*) showed strong granular staining in the nucleus (*arrows*) and a more diffuse staining in the cytoplasm, whereas Sertoli cells stimulated with the same concentration of virus (*C*) showed a granular staining in the nucleus (*arrows*) and a diffuse and granular staining in the cytoplasm (*arrowheads*). Bar, 15 μm.](JCB.15007f8){#F8}
